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Elementary bodies (EB) of Chlamydia trachomatis serotypes C, E, and L2
were extrinsically radioiodinated, and whole-cell lysates of these serotypes were
compared by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Autoradiography of the polypeptide profiles identified a major surface
protein with an apparent subunit molecular weight of 39,500 that was common to
each C. trachomatis serotype. The abilities of nonionic (Triton X-100), dipolar
ionic (Zwittergent TM-314), mild (sodium deoxycholate and sodium N-lauroyl
sarcosine), and strongly anionic (SDS) detergents to extract this protein from
intact EB of the L2 serotype were investigated by SDS-PAGE analysis of the
soluble and insoluble fractions obtained after each detergent treatment. Only
SDS readily extracted this protein from intact EB. Sarkosyl treatment selectively
solubilized the majority of other EB proteins, leaving the 39,500-dalton protein
associated with the Sarkosyl-insoluble fraction. Ultrastructural studies of the
Sarkosyl-insoluble EB pellet showed it to consist of empty EB particles possessing
an apparently intact outer membrane. No structural evidence for a peptidoglycan-
like cell wall was found. Morphologically these chlamydial outer membrane
complexes (COMC) resembled intact chlamydial EB outer membranes. The
39,500-dalton outer membrane protein was quantitatively extracted from COMC
by treating them with 2% SDS at 60°C. This protein accounted for 61% of the
total COMC-associated protein, and its extraction resulted in a concomitant loss
of the COMC membrane structure and morphology. The soluble extract obtained
from SDS-treated COMC was adsorbed to a hydroxylapatite column and eluted
with a linear sodium phosphate gradient. The 39,500-dalton protein was eluted
from the column as a single peak at a phosphate concentration of approximately
0.3 M. The eluted protein was nearly homogeneous by SDS-PAGE and appeared
free of contaminating carbohydrate, glycolipid, and nucleic acid. Hyperimmune
mouse antiserum prepared against the 39,500-dalton protein from serotype L2
reacted with C. trachomatis serotypes Ba, E, D, K, Ll, L2, and L3 by indirect
immunofluorescence with EB but failed to react with serotypes A, B, C, F, G, H,
I, and J, with the C. trachomatis mouse pneumonitis strain, or with the C. psittaci
feline pneumonitis, guinea pig inclusion conjunctivitis, or 6BC strains. Thus, the
39,500-dalton major outer membrane protein is a serogroup antigen of C. tracho-
matis organisms.

Chlamydia are obligate intracellular bacteria These findings suggest both biochemical and
characterized by a unique and complex growth structural similarities between chlamydial and
cycle. Phylogenetically, the chlamydiae are gram-negative bacterial outer membranes. The
closely related to gram-negative organisms. In outer membrane of gram-negative bacteria has
particular, both gram-negative bacteria and been intensely investigated with respect to its
chlamydiae have outer membranes that respond composition and function (4). Unique proteins,
similarly to treatment with ethylenediamine- termed "matrix" or "major" proteins, may ac-
tetraacetic acid (EDTA) under alkaline condi- count for as much as 60% of the total outer
tions (33) or exposure to polymyxin B (26). membrane protein (22). The function of these

proteins with respect to structure and antigenic
t Present address: Laboratory of Microbial Structure and character is currently a topic of intense study.

Function, National Institute of Allergy and Infectious Dis- For certain members of the Enterobacteriaceae,
eases, Rocky Mountain Laboratories, Hamilton, MT 59840. the matrix proteins are bound tightly but not
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covalently to the peptidoglycan (35). These pro-
teins form hydrophobic diffusion pores (31, 32)
that span the bacterial outer membrane. Similar
proteins are found in the outer membrane of the
genus Neisseria (7, 14) and, because of their
abundance and location, investigators have been
interested in their immunobiological functions.
The major or principle outer membrane protein
of Neisseria gonorrhoeae organisms is believed
to be an important serotyping antigen (13, 15)
and may play a role in gonococcal virulence (11).
Little such information is available concerning
the native chlamydial outer membrane. Because
some properties of chlamydial and gram-nega-
tive bacterial outer membranes appear similar,
we asked whether chlamydiae have major outer
membrane proteins with properties and func-
tions that parallel those of gram-negative bac-
teria.

In this study, we found that C. trachomatis
organisms possess a major outer membrane pro-
tein that resembles the matrix proteins of gram-
negative bacteria. Procedures are described for
the isolation and purification of this protein, and
evidence is presented suggesting its function -as
a structural protein that contributes to the rig-
idity of the chlamydial elementary body (EB).
Furthermore, preliminary antigenic characteri-
zation of the major outer membrane protein
indicates that it is a serogroup antigen of C.
trachomatis organisms.

MATERIALS AND METHODS
Organisms and growth conditions. The follow-

ing C. trachomatis strains were used: L2/434/Bu(L2),
E/UW-5/Cx(E), and C/TW-3/OT(C). Chlamydiae
were grown in HeLa 229 cells as described previously
(3). The L2 strain was also grown in suspension cul-
tures of L-929 cells (3). L-cell-propagated L2 organisms
were used for the isolation and purification of the
39,500-dalton protein.

Purification of chlamydiae. Chlamydiae were
harvested from HeLa cell monolayers grown in 150-
cm2 polystyrene culture flasks (Corning Glass Works,
Corning, N.Y.), with 290% of the cells containing
inclusions at 48 h postinoculation. Medium was poured
off, and cells were removed with 4-mm glass beads and
10 mm of cold Hanks balanced salt solution. The cell
suspensions were pooled, and the cells were ruptured
by sonication (Braunsonic model 1510). This suspen-
sion was centrifuged at 500 x g for 15 min at 4°C. The
supernatants were layered over 8 ml of a 35% (vol/vol)
Renografin solution (diatrizoate meglumine and dia-
trizate sodium, 76% for injection; E. R. Squibb & Sons,
Princeton, N.J.) in 0.01 M HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) containing 0.15
M NaCl and then centrifuged at 43,000 x g for I h at
4°C in an SW27 rotor (Beckman Instruments, Inc.,
Fullerton, Calif.). The pellets were suspended in 0.01
M sodium phosphate (pH 7.2) containing 0.25 M su-
crose and 5 mM L-glutamic acid (SPG), pooled, and
layered over discontinuous Renografin gradients (13

ml of 40%, 8 ml of 44%, and 5 ml of 52% Renografin,
vol/vol). These gradients were centrifuged at 43,000
x g for 1 h at 4°C in an SW27 rotor. The EB bands,
located at the 44/52% Renografin interface, were col-
lected, diluted with 3 volumes of SPG, and then cen-
trifuged at 30,000 x g for 30 min. The EB pellets were
washed in SPG to remove residual Renografin. Puri-
fied EB were suspended in SPG and stored at -80°C.
The purity of EB preparations was determined by
electron microscopy and Macchiavello-stained smears.

Electron microscopy. For electron microscopy,
samples were fixed in 1.5% glutaraldehyde in 0.1 M
sodium cacodylate hydrochloride buffer (pH 7.4) con-
taining 1% sucrose, postfixed in 1% OS04 in acetate-
Veronal buffer (pH 7.6) containing 5% sucrose, stained
en bloc in 0.5% uranyl acetate in the same buffer
containing 4% sucrose, dehydrated in a series of alco-
hols and propylene oxide, and embedded in Epon 812.
Sections were stained with uranyl acetate and lead
citrate and were examined with a Siemens Elmiskop
IA electron microscope.
Chemical procedures. Protein was estimated by

the method of Lowry et al. (21), using bovine serum
albumin (Sigma Chemical Co., St. Louis, Mo.) as a
standard. Nucleic acid was estimated spectrophoto-
metrically by optical density at 280/260 nm (OD2,8,0/2,)
according to Layne (20). Inorganic phosphorus was
assayed by the Sigma-modified Fiske and Subbarow
assay (Sigma Technical Bulletin no. 670).

Purified protein preparations were analyzed for the
presence of 2-keto-3-deoxyoctonate by the method of
Weissback and Hurwitz (41) as modified by Osborn
(34), using 2-keto-3-deoxyoctonate (Sigma) as a stan-
dard. The absorbance was measured at 548 nm. The
presence of glycolipid and nucleic acid was determined
by staining polyacrylamide gels with Stains-All (Bio-
Rad Laboratories, Richmond, Calif.) as described by
King and Morrison (16). Carbohydrate was deter-
mined by staining gels by the periodic acid-Schiff
procedure of Fairbanks et al. (5).
SDS-PAGE. Chlamydial proteins were electropho-

resed on 12.5% acrylamide slab gels in the discontin-
uous tris(hydroxymethyl)aminomethane (Tris)-gly-
cine system described by Laemmli (19). The ratio of
acrylamide to N,N'-methylenebisacrylamide was 30:
0.8 in both the 12.5% separating gel and the 5% stack-
ing gel. Before electrophoresis, samples were mixed
with an equal volume of solubilizing solution (0.1 M
Tris-hydrochloride, pH 6.8) containing 2.5% sodium
dodecyl sulfate (SDS; BDH, Poole, England), 5% 2-
mercaptoethanol, 20% glycerol, and 0.001% bromophe-
nol blue and boiled for 10 min. Polyacrylamide gel
electrophoresis (PAGE) in Tris-glycine buffer (pH 8.6)
containing 0.1% SDS was carried out at a constant
current of 25 mA. Gels were stained in 0.25% Coomas-
sie brilliant blue R-250 in 7% acetic acid and 30%
methanol. The protein standards used for estimating
chlamydial protein molecular weights were: phospho-
rylase b (94,000), bovine serum albumin (67,000), oval-
bumin (43,000), carbonic anhydrase (30,000), soybean
trypsin inhibitor (20,100), and a-lactalbumin (14,400)
(Pharmacia Fine Chemicals, Inc., Piscataway, N.J.).

Extrinsic "2'I iodination ofchlamydial EB. Pur-
ified EB were radiolabeled according to the method of
Marchalonis (24) with some modification. The reac-
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tion mixture consisted of the following: 200 p1 of puri-
fied EB (150 to 200,ug of protein) in SPG containing
5 ,tM KI; 5 ,l of carrier-free Na'25I (500 ,uCi) (New
England Nuclear Corp., Boston, Mass.), and 10 tl of
lactoperoxidase (Sigma) (2 mg/ml in distilled water).
The reaction was initiated by the addition of 5 tl of
0.015% H202. Three additional 5-il portions of H202
were then added at 5-min intervals. Next, 3 ml of SPG
was added, and this suspension was layered over 1 ml
of 30% Renografin and centrifuged at 43,000 x g for 1
h at 4°C. The pellet was suspended in 200 ,ul of SDS-
solubilizing solution, boiled for 10 min, and centrifuged
at 30,000 x g for 30 min. The supernatant (chlamydial
whole-cell lysate) was retained for SDS-PAGE. After
SDS-PAGE of chlamydial proteins, gels were stained
with Coomassie blue, destained, and dried under vac-
uum on Whatman 3MM chromatography paper. Ko-
dak X-Omat R film (Eastman Kodak Co., Rochester,
N.Y.) was used for autoradiography of dried gels.

Effect ofdifferent detergents on the extraction
ofthe 39,500-dalton protein. Purified L2 EB (18 mg
of protein) were suspended in 6 ml of 0.01 M sodium
phosphate, pH 8.0, containing 0.15 M NaCl (PBS).
This suspension was divided equally into 1-ml portions
and centrifuged at 30,000 x g for 15 min. Each of the
six EB pellets was then suspended in 1 ml of PBS
containing 1.5 mM EDTA and one of the following
detergents: (i) 2% SDS; (ii) 2% sodium N-lauroyl sar-
cosine (Sarkosyl; Sigma); (iii) 2% Zwittergent TM-314
(CalBiochem, San Diego, Calif.); (iv) 2% sodium de-
oxycholate (Sigma); or (v) 2% Triton X-100 (Sigma).
A single EB pellet was suspended in PBS containing
1.5 mM EDTA only as a control for detergent solubil-
ization. These suspensions were sonicated briefly to
disrupt clumped EB, incubated for 1 h at 37°C, and
then centrifuged at 100,000 x g for 1 h at 37°C. The
soluble supernatants were collected, and the extracted
proteins were analyzed by SDS-PAGE. The insoluble
pellets were each washed once in PBS and then sus-
pended in 1 ml of the SDS buffer solution. These
suspensions were incubated at 37°C for 1 h and cen-
trifuged as before, and the supernatants were analyzed
by SDS-PAGE.

Isolation of chlamydial outer membrane com-
plexes (COMC) by Sarkosyl extraction of intact
EB. C. trachomatis L2 EB were suspended (approxi-
mately 5 mg of EB protein per ml) in 5 ml of PBS, pH
8.0, containing 2% Sarkosyl and 1.5 mM EDTA. This
suspension was incubated at 37°C for 1 h and then
centrifuged at 100,000 x g for 1 h. The insoluble pellet
was resuspended in the same Sarkosyl buffer and
centrifuged as before. The pellet was washed twice in
PBS to remove excess detergent and then suspended
in 0.02 M sodium phosphate, pH 8.0, containing 10
mM MgCl2 and 25 ,ug of deoxyribonuclease I (Worth-
ington Biochemicals Corp., Freehold, N.J.) and ribo-
nuclease (Millipore Corp., Bedford, Mass.). This sus-
pension was incubated for 2 h at 37°C and centrifuged,
and the insoluble pellet was washed twice with PBS
to remove any remaining nucleases. This Sarkosyl-
insoluble material consisted of COMC.

Effect oftemperature on SDS extraction of the
39,500-dalton protein from isolated COMC. A sus-
pension of L2 COMC, prepared from 18 mg of EB
protein, was divided into 5 equal volumes and centri-

fuged at 100,000 x g for 1 h. The pelleted COMC were
then suspended in 1 ml of 2% SDS buffer, and each
suspension was incubated at 37, 45, 60, or 80°C for 1
h or at 100°C for 10 min. These suspensions were then
centrifuged at 100,000 x g for 1 h at 37°C, and the
soluble supernatant fractions were saved. Each of the
insoluble pellets was then suspended in 1 ml of SDS
buffer, incubated at 100°C for 10 min, and centrifuged
as before. Equal volumes of these soluble supernatants
and those obtained from the preceding SDS extraction
step were analyzed by SDS-PAGE. Densitometric
scans of the stained gel electropherograms were done
to determine the quantity of the 39,500-dalton protein
released from COMC at each extraction temperature.

In a separate experiment, the insoluble material
remaining after treating COMC in SDS buffer at 37
and 60°C for 1 h and at 100°C for 10 min was fixed
with glutaraldehyde and processed for electron mi-
croscopy.

Purification of the 39,500-dalton outer mem-
brane protein. Isolated COMC prepared from 25 to
30 mg of L2 EB protein were suspended in 5 ml of 2%
SDS buffer and incubated at 37°C for 1 h. This sus-
pension was centrifuged at 100,000 x g for 1 h, and the
soluble supernatant fraction was collected. This SDS
extract, enriched in the 39,500-dalton protein, was
then dialyzed against 200 volumes of 0.01 M sodium
phosphate, pH 6.4, containing 1 mM dithiothreitol and
0.1% SDS (column equilibration buffer) for 24 h with
several changes of dialysate. This extract was fraction-
ated by hydroxylapatite chromatography in the pres-
ence ofSDS by the technique of Moss and Rosenblum
(28). Briefly, the dialyzed extract (8 to 10 ml) was
applied to a preequilibrated hydroxylapatite column
(0.9 by 30 cm). The column was washed with 100 ml
of equilibration buffer and eluted with a 150-ml linear
gradient of 0.1 to 0.6 M sodium phosphate, pH 6.4,
containing 1 mM dithiothreitol and 0.1% SDS. The
column eluate was collected in 40-drop fractions at a
flow rate of 5 to 6 ml/h and spectrophotometrically
monitored at 280-nm absorbance. Fractions showing
positive absorbance were analyzed by SDS-PAGE.
Polyacrylamide gels were stained with Coomassie blue
for protein and Stains-All to detect nucleic acid and
glycolipid moieties. The phosphate molarity of every
10th column fraction was determined by measuring
total phosphorus (1) and converting to phosphate
molarity by using a standard curve prepared with
known sodium phosphate standards. Those fractions
that contained only the 39,500-dalton protein were
pooled and concentrated to a 1- to 2-ml volume by
vacuum dialysis against 0.05 mM Tris-hydrochloride,
pH 8.5, containing 0.15 M NaCl and 0.1% SDS. These
concentrated preparations were used for performing
analytical assays to test for protein purity and as a
source of immunogen for the preparation of mouse
antisera.

Antisera. Swiss Webster mice strain ICR (Charles
River Co., Baltimore, Md.) were immunized subcuta-
neously on day 0 with 30 tLg of purified MP39.5 emul-
sified with Freund incomplete adjuvant. Immuniza-
tions were repeated with the same amount of purified
protein administered subcutaneously without adju-
vant on days 16 and 27. Mice were bled by cardiac
puncture 5 days after each booster immunization (days
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21 and 32, respectively). The reactivity and specificity
of the pooled sera collected from each bleeding was

evaluated by indirect immunofluorescence (micro-IF).
Micro-IF. The micro-IF method of Wang (37) de-

veloped for the serological classification of C. tracho-
matis isolates was used to determine the specificity of
antiserum raised against purified outer membrane pro-

tein. Class-specific antibodies were measured with flu-
orescein isothiocyanate-conjugated goat antiserum
specific against mouse immunoglobulin M (IgM) (,u-
chain specific) and IgG (y-chain specific) (Cappel Lab-
oratories, Cochranville, Pa.). C. trachomatis serotypes
A, B, Ba, C, D, E, F, G, H, I, J, K, Ll, L2, andL3 were

tested, as well as the mouse pneumonitis strain. The
C. psittaci strains tested were: feline pneumonitis,
guinea pig inclusion conjunctivitis, and 6BC.

RESULTS
Extrinsic radioiodination of C. trachom-

atis EB. Purified EB (Fig. 1) of the C. trachom-
atis L2, E, and C serotypes were extrinsically
radioiodinated by lactoperoxidase-catalyzed io-
dination. These serotypes were selected for
study since they are representative serotypes of
the two major C. trachomatis serogroups. The
L2 and E serotypes belong to the C. trachomatis
B serological complex, and the C serotype be-
longs to the C serological complex (9). Whole-
cell lysates of these EB were prepared, standard-
ized according to radioactivity, and then sub-
jected to SDS-PAGE. The protein proffles were
analyzed by autoradiography and Coomassie
brilliant blue staining. Figure 2a shows the re-

sults of the autoradiogram. The most intensely
radioemitting protein band for each serotype
was a 39,500-dalton protein. Other less intensely
radioiodinated proteins were observed. These
proteins were also shared by each serotype and
had apparent subunit molecular weights of
105,000, 68,000, 57,000, 52,000, and 45,000. The
105,000-dalton protein was much less intensely
radioiodinated for the E serotype. The Coomas-
sie blue-stained gel protein profiles (Fig. 2b)
revealed that the 39,500-dalton surface protein
was quantitatively the most abundant protein
constituent for each of the three C. trachomatis
serotypes.
The 39,500-dalton surface protein had the fol-

lowing properties that are characteristic of the
major or matrix outer membrane proteins of
certain gram-negative organisms: (i) its apparent
surface location; (ii) its apparent subunit molec-
ular weight of 39,500 by SDS-PAGE; and (iii) its
quantitative dominance in polypeptide profiles
of whole-cell lysates. Therefore we have called
this protein MP39.5, signifying "major outer
membrane protein with an apparent subunit
molecular weight of 39,500 daltons."
Effects of various detergents on the ex-

traction ofMP39.5 from intact EB. To isolate

and purify MP39.5, a common approach would
be to first obtain pure chlamydial outer mem-
branes and then extract the protein from these
preparations. This approach was not feasible
since chlamydiae are insensitive to the action of
lysozyme (36) that is routinely used to prepare
spheroplasts from which outer membranes are
isolated after osmotic lysis. Also, the extremely
small quantities of purified C. trachomatis or-
ganisms that can be practically obtained dis-
couraged investigations directed at isolating
outer membranes from mechanically disrupted
organisms, since we felt that this method would
result in very small yields ofhomogeneous mem-
brane. Therefore, we investigated the ability of
various detergents to extract MP39.5 from intact
chlamydiae. The L2 serotype was used for these
and all subsequent studies. The ability of non-
ionic (Triton X-100), dipolar ionic (Zwittergent),
mildly anionic (deoxycholate and Sarkosyl), and
strongly anionic (SDS) detergents to extract
MP39.5 form intact L2 EB was examined by
SDS-PAGE of the soluble and insoluble protein
fractions obtained after treating EB with each
detergent for 1 h at 37°C (Fig. 3). Figure 3a
shows the soluble supernatant fractions ob-
tained after treating intact EB with each of the
above detergents. The only effective detergent
for extracting MP39.5 was SDS (Fig. 3a, lane 6),
and, as expected, it also extracted more of the
total EB proteins than any of the other deter-
gents studied. Sarkosyl extracted only a small
amount of MP39.5 but was nearly as efficient as
SDS in extracting the other EB proteins. Zwit-
tergent, deoxycholate, and Triton X-100 also
failed to extract significant amounts of MP39.5
and were considerably less effective than Sar-
kosyl in extracting the additional EB proteins.
These data showed that none of the detergents
selectively extracted MP39.5 from intact EB,
and that distinct variations in the ability of these
detergents to extract other EB proteins existed.
The insoluble EB fractions obtained from the
initial detergent treatments were reextracted in
2% SDS for 1 h at 37°C, and their soluble
supernatants were analyzed by SDS-PAGE (Fig.
3b). The Sarkosyl-insoluble pellet was enriched
in MP39.5 (Fig. 3b, lane 5), and this protein was
quite homogeneous in comparison with the other
insoluble EB fractions. Only the SDS-insoluble
EB pellet contained less contaminating proteins,
but the quantity of MP39.5 which it contained
was approximately half that of the Sarkosyl-
insoluble fraction. These results showed that
sequential anionic detergent treatment of intact
L2 EB with Sarkosyl, followed by SDS, was the
most desirable procedure for isolating MP39.5.
This procedure resulted in a nearly quantitative
recovery of the protein from intact EB in a
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b
FIG. 1. Electron microscope photomicrographs of thin sections ofpurified C. trachomatis serotype L2 EB.

(a) Field view (x12,600) that is representative of the purity of C. trachomatis EB used. The preparation
consists primarily of electron-dense EB. The larger particles uwith a dense core and a more diffuse matrix are

chlamydial intermediate forms. In our hands these intermediate forms copurified with the EB. (b) Higher
magnification (x150,000) of a single EB showing the electron-dense tracked layers of the unit outer membrane
(OM) and cytoplasmic membrane (CM) structures. Note the absence of any structural evidence of a peptido-
glycan layer between the OM and CM.
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FIG. 2. SDS-PAGE protein profiles of extrinsically radioiodinated elementary bodies of C. trachomatis

serotypes L2, E, and C. The protein profiles shown are EB whole-cell lysates prepared by SDS solubilization
of intact organisms. (a) Autoradiogram after a 24-h exposure. Lane 1, L2 serotype; lane 2, E serotype; lane 3,
C serotype. (b) The same gel stained with Coomassie brilliant blue. Lanes correspond to those in panel a. The
left lane contains molecular weight markers. The MP39.5 band is illustrated.

relatively homogeneous form.
Since Sarkosyl has been shown to selectively

solubilize the cytoplasm and cytoplasmic mem-
brane proteins ofgram-negative bacteria (6), and
because Sarkosyl effected extensive solubiliza-
tion of proteins from intact EB with the excep-
tion of MP39.5, we were interested in what effect
this detergent had on the ultrastructure of the
chlamydiae. To determine this, thin sections of
the Sarkosyl-insoluble EB pellets were exam-
ined by transmission electron microscopy. This
material (Fig. 4a) consisted of uniform particles
with a single intact double-tract unit membrane
of a size and morphology characteristic of the
native EB outer membrane (see Fig. lb). The
strict association of the MP39.5 with this Sar-
kosyl-insoluble material proves that the mem-
brane is chlamydial outer membrane and not
cytoplasmic membrane. No cytoplasm or cyto-
plasmic membrane was visualized, nor could an
electron-dense peptidoglycan-like structure be
identified (Fig. 4b). The absence of a peptidogly-
can-like structure was somewhat surprising con-
sidering the excellent retention of native EB
morphology by these membranes. However,
considering the fact that other investigators
have failed to demonstrate N-acetylmuramic
acid in highly purified EB preparations (8, 23),
suggesting the absence of a typical bacterial
murein sacculus, it seemed possible to us that
some other macromolecular structure might be
responsible for providing this observed mem-
brane structure and particle rigidity. Therefore,
we named the material in the Sarkosyl-insoluble

fraction the chlamydial outer membrane com-
plex to indicate that it consisted of an outer
membrane associated with some type of rigidity-
conferring structure, which for the chlamydiae
has yet to be definitively characterized. Because
MP39.5 was quantitatively the most abundant
protein present in COMC (Fig. 3b, lane 5), we
were interested in determing the role this protein
might play in maintaining the structure of the
COMC. To investigate this, we examined both
the effect of temperature on extracting MP39.5
and the accompanying ultrastructural changes
in COMC that occurred during this treatment.
Isolated COMC were extracted for 1 h at 37, 45,
60, and 800C and for 10 min at 1000C in 2% SDS,
and their soluble and insoluble fractions were
analyzed by SDS-PAGE. In a separate experi-
ment, the insoluble COMC material remaining
after the 37, 60, and 1000C extraction tempera-
ture was examined ultrastructurally. Figure 5
shows the SDS-PAGE protein profiles obtained
after each extraction temperature. The relative
quantities of MP39.5 released from COMC at
each temperature were determined by densito-
metric scans of the stained electropherogram
(data not shown). Analysis of the 370C soluble
and insoluble fractions showed that approxi-
mately 80% of MP39.5 was extracted from
COMC at 370C for lh (Fig. 5, lanes 1 and la).
Increasing the extraction temperature to 45°C
(Fig. 5, lanes 2 and 2a) did not significantly
change the results; however, after 1 h at 600C
(Fig. 5, lanes 3 and 3a) or 80°C (Fig. 5, lanes 4
and 4b), or after 10 min at 1000C (Fig. 5, lanes
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FIG. 3. SDS-PAGE protein profiles demonstrating the effect of different detergents on extracting MP39.5

from C. trachomatis serotype L2 EB. (a) SDS-PAGE patterns of the soluble supernatants recovered after each
detergent treatment. Lane 1, PBS-EDTA buffer control; lane 2, 2%o Triton X-100; lane 3, 2%o deoxycholate;
lane 4, 2%o Zwittergent; lane 5, 2%o Sarkosyl; lane 6, 2%o SDS. (b) SDS-PAGE protein patterns of the insoluble
EB fractions. The insoluble EB pellets were treated with 2%o SDS for 1 h at 37°C. The soluble supernatant
fractions obtained after centrifugation were analyzed by SDS-PAGE. Lanes I through 6 correspond to those
in panel a.
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FIG. 4. Electron microscopy of thin sections of C. trachomatis L2 COMC prepared by treating intact EB
with 2%o Sarkosyl buffer. (a) The insoluble material after treating L2 EB with 2o Sarkosyl buffer at 37°C for
1 h (x72,000). (b) Higher magnification (X105,000) demonstrating the electron-dense unit outer membrane
(arrow) and rigid morphology of the COMC. Note that the morphology of the COMC is consistent with intact
EB (Fig. Ib), indicating the association of the outer membrane with some rigidity-conferring macromolecular
structure.

5 and 5a), virtually all (99.6%) of MP39.5 was showed that 61% of the total COMC-associated
found in the soluble supernatant fractions. A protein was MP39.5. Because at least a portion
densitometric scan of the 100°C soluble fraction of MP39.5 was radioiodinated by lactoperoxi-
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1 la 2 2a 3 3a 4 4a 5 5a

MP39.5-__

FIG. 5. Effect of temperature on SDS extraction of MP39.5 from CVML.'. E.qual concentrations otL'VM
were extracted with equal volumes of2% SDS buffer under one of the following conditions: 37, 45, 60, or 80°C
for I h or 100°C for 10 min. Each suspension was centrifuged at 100,000 x g for I h at 37°C. The insoluble
COMC pellets from each temperature treatment were resuspended in 2% SDS buffer and incubated at 100°C
for 10 min. The protein profiles of the soluble and insoluble fractions were compared by SDS-PAGE. Lane 1,
37°C soluble supernatant (S); lane la, 37°C insoluble pellet (P) boiled in SDS buffer; lane 2, 45°C (S); lane 2a,
45°C (P); lane 3, 60°C (S); lane 3a, 60°C (P); lane 4, 80°C (S); lane 4a, 80°C (P); lane 5, 100°C (S); lane 5a,
100°C (P). A densitometric scan of the 100°C soluble protein profile (lane 5) showed that MP39.5 accounted
for 61% of the total COMCprotein. Extraction at 37°C for 1 h solubilized 80% ofthe total MP39.5 (lanes I and
la). Complete extraction of MP39.5 was achieved only at 60°C or higher. Only the upper half of the gel is
shown.

dase-catalyzed iodination, and the protein was
found to be strongly associated with COMC as
shown by its disassociation properties in the
presence of SDS, we believe that it may be a

transmembrane protein. The MP39.5 band did
not vary in its electrophoretic migration char-
acteristics with different conditions of heating
during solubilization of the COMC in SDS. This
was true even when solubilization was carried
out at 1000C for 30 min. Three properties of
MP39.5 closely resemble those of certain matrix
proteins of gram-negative bacteria: (i) its quan-
titative dominance in the EB outer membrane;
(ii) its apparent transmembrane character; and
(iii) its inability to be heat modified.
The extraction of MP39.5 was found to cor-

relate with changes in the COMC ultrastructure.
At 370C, a temperature at which 80% of MP39.5
was solubilized, the number of intact COMC was

greatly diminished, and primarily disrupted
COMC or their membrane fragments were ob-
served in the insoluble pellet (Fig. 6). Accom-
panying this change in COMC ultrastructure
were aggregates of amorphous material that
were not observed in thin sections of COMC
before SDS treatment. The nature of this insol-
uble material is unclear. It is doubtful that it is
nucleic acid since nucleases were used in the
isolation of COMC. At 600C, a temperature at
which all of MP39.5 was solubilized from COMC,
the insoluble COMC pellet contained only the
amorphous aggregates seen in Fig. 6. No struc-
tures resembling intact COMC or their mem-
brane fragments were observed. These findings
suggest that MP39.5 plays an important role in
maintaining both the membrane integrity and
structural morphology of the COMC. The amor-
phous material present in thin sections of insol-
uble COMC pellets extracted at 37 and 600C was

also found in the insoluble COMC material that
was heated at 100°C. The fact that this material
remained insoluble despite treatment with SDS
at 1000C and that no additional proteins were
detected by SDS-PAGE after this treatment
(Fig. 5, lanes 5 and 5a) suggest that it is not
protein bound together by strong hydrophobic
or ionic interactions. If the material is protein, it
must be associated through covalent bonding.
Since the appearance of this amorphous mate-
rial correlated with the extraction of MP39.5
and also accompanied the subsequent ultra-
structural changes in the COMC, its role alone,
or in combination with MP39.5, cannot be ex-
cluded as a possible explanation for maintaining
the structural morphology of the COMC. These
results suggest that the structure of the COMC
of C. trachomatis organisms is not dependent on
a bacterial mucopeptide-like sacculus. The
structural integrity of the bacterial mucopeptide
is unaffected by the conditions used above to
disassociate the COMC, and in fact similar con-
ditions are used for isolating bacterial murein
sacculi (2).

Isolation and purification of MP39.5. We
took advantage of the sequential anionic deter-
gent treatment described above as a preparatory
step to isolate large quantities of relatively ho-
mogeneous MP39.5 from COMC. Approxi-
mately 25 to 30 mg of protein of whole L2 EB
was extracted with Sarkosyl to prepare COMC.
For these experiments, nucleases were not used
during the isolation of COMC.
MP39.5 was extracted from COMC with 2%

SDS buffer for 1 h at 370C. After centrifugation,
the soluble fraction (enriched in MP39.5) was
dialyzed and loaded onto a preequilibrated hy-
droxylapatite column. We chose the 37°C ex-
traction temperature for the following reasons:
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AM
.,

AM F-

FIG. 6. COMC after treatment with 2%l SDS buffer at 37"C for 1 h. Note that the integrity of the outer
membranes shown in Fig. 4b has been significantly diminished. In addition, the COMC are mostly fragmented
(/ and have lost their characteristic morphology. This change in ultrastructure was accompanied by the
solubilization of large quantities of MP39.5 from the COMC (Fig. 5, lane 1). In addition to the structural
changes in COMC after SDS treatment, the insoluble pellet also contained the amorphous material (AM)
illustrated in the figure.

(i) under these conditions the majority (80%) of
MP39.5 was extracted from COMC, and (ii) since
we were interested in the antigenic properties of
the protein, we felt that this temperature would
reduce the possibility of extensive denaturation
that may have occurred in the presence of SDS
at the more efficient extraction temperatures
(i.e., 60°C and higher). The column was washed
with 100 ml of equilibration buffer and then
eluted with a 0.1 to 0.6 M linear phosphate
gradient. Column fractions were monitored at
280-nm absorbance. Three peaks were eluted
from the column (Fig. 7). Peak I eluted at a
concentration of approximately 0.18 M phos-
phate. The fractions of peak I contained no
detectable protein as determined by SDS-
PAGE. Spectrophotometric analysis (OD280/260)
of the pooled fractions of this peak indicated
that this material was chlamydial nucleic acid.
Peak II was eluted at approximately 0.3 M phos-
phate. SDS-PAGE of the eluted fractions from

peak II showed these fractions to contain only
MP39.5 (Fig. 8, fractions 55 through 65), with
the majority of MP39.5 eluting in fractions 58
through 61. No other proteins could be detected
in these fractions. The material appeared to be
free of glycolipid and nucleic acid, since staining
the gel with Stains-All failed to detect these
moieties. After the elution of MP39.5, the gra-
dient was discontinued and 0.6 M phosphate
buffer was added to the column. By using this
procedure, the remaining chlamydial proteins
bound to the column were eluted as a single
peak (Fig. 7, peak III). This peak contained a
heterogeneous mixture of high-molecular-
weight proteins (Fig. 8, fractions 105 through
109) plus a small amount of MP39.5. The pro-
teins of peak III could be eluted from the column
by continuing the linear phosphate gradient;
however, by doing this they were distributed
over a large fractionation volume and were
therefore not readily detected after SDS-PAGE.
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FIG. 7. Hydroxylapatite chromatography of the soluble extract obtained from COMC treated with SDS

buffer. An SDS extract containing approximately 4 mg ofprotein was dialyzed against equilibration buffer
and adsorbed to a preequilibrated hydroxylapatite column (0.9 by 30 cm). After an equilibration buffer wash
to remove unbound material, a linearphosphate gradient was applied (0.1 to 0.6 M). Fractions were monitored
spectrophotometrically at 280 nm and by SDS-PAGE. The arrow shows where the gradient was stopped and
0.6Mphosphate buffer was added to elute all remaining column-bound chlamydial proteins.

Peak II Peak II[ - .1
MW 55 56 57 58 59 60 61 62 63 64 65 105 106 107 108 109

94K- -

67K-

43K-
_ - -t -_

30K-

20.1 K-

14.4K-

FIG. 8. SDS-PAGE of fractions eluted from hydroxylapatite chromatography. Fractions corresponding to
peaks II and III of Fig. 5 are shown. No protein was detected by SDS-PAGE of fractions contained in peak
I. Spectrophotometric analysis ofpeak I (OD280/260) revealed it to be composed of chlamydial nucleic acid.
Peak II (fractions 55 through 65) contained only MP39.5. No contaminating proteins were visualized in these
fractions. Neither glycolipid or nucleic acid could be detected in these fractions by staining the gel with
Stains-All. Peak III (fractions 105 through 109) that was eluted after the addition of 0.6 M phosphate
contained high-molecular-weight chlamydial proteins and a small amount ofMP39.5.
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Fractions containing MP39.5 were pooled and
concentrated to a 1- to 2-ml volume by vacuum
dialysis. Approximately 1.4 mg of protein was
recovered after concentration. Although this
quantity of purified MP39.5 is small compared
with the recovery of outer membrane proteins
from readily cultivatable organisms, we consider
these yields exceptional considering that only 25
to 30 mg of EB protein was used as starting
material.

Figure 9 shows the protein purity ofthe pooled
column fractions containing MP39.5 after con-
centration. Some contaminating proteins were
observed after concentration. The most promi-
nent contaminant was a 36,000-dalton protein
that apparently copurified with MP39.5. Densi-
tometric scans of the stained gel showed that
MP39.5 accounted for 91% of the total protein.
The 36,000-dalton protein accounted for 3% of
the total protein (data not shown). No 2-keto-3-
deoxyoctanoic acid was detected in the concen-
trated preparation, indicating the absence of
chlamydial lipopolysaccharide. MP39.5 ap-
peared not to be glycosylated since it failed to
stain for carbohydrate by periodic acid-Schiff
stain.

1 2 3 4

94K-
67K-

43K-
_nom _o --MP39.5

30K-

20.1 K -

14.4K -

FIG. 9. SDS-PAGE of concentrated MP39.5 iso-
lated by hydroxylapatite chromatography. Pooled hy-
droxylapatite column fractions containing MP39.5
were concentrated 10- to 12-fold by vacuum dialysis,
and the protein purity was determined by SDS-
PAGE. Three different quantities ofthe concentrated
protein were analyzed by SDS-PAGE: 16 Ag (lane 2);
32 pg (lane 3); and 64 pg (lane 4). Lane I contains
molecular weight markers. A densitometric scan of
the stained gel (lane 3) showed that 91% of the total
protein in the concentrated preparation was MP39.5.
The most prominent contaminant was a 36,000-dal-
ton protein that migrated immediately below the
MP39.5 band. This protein comprised less than 3%,o of
the total protein profile.

Serological specificity of anti-MP39.5
sera. The micro-IF procedure that is used for
the serological classification of C. trachomatis
isolates was used to examine the specificity of
mouse anti-MP39.5 sera. Table 1 shows the an-
tibody responses after the second (day 21) and
third (day 32) booster immunizations with 30
,ug of purified MP39.5. The titers shown repre-
sent IgG antibody only; no fluorescence was
detected with anti-IgM-specific conjugate. The
antibody response after the second immuniza-
tion was found to be primarily homotypic in that
significant titers were present only against the
L2 serotype. However, a distinct antibody re-
sponse was observed with the Ba, D, E, K, Li,
and L3 serotypes at lower antiserum dilutions.
With repeated immunization, both the homolo-
gous and cross-reacting antibody titers increased
substantially; however, the same serotype spec-
ificity that was initially observed was maintained
throughout the immunization period. Antiserum
against MP39.5 did not react with C. trachom-
atis serotypes A, B, C, F, G, H, I, and J, with the
mouse pneumonitis strain, or with the three C.
psittaci strains tested. These results demon-
strate that the outer membrane MP39.5 is a
serogroup antigen of C. trachomatis organisms.
The serological specificity observed by micro-IF
with anti-MP39.5 in this study is virtually iden-
tical to that obtained by Wang and Grayston
(38), who used intact L2 organisms as immuno-
gens to prepare mouse antisera (Table 1). These
results suggest that MP39.5 may be a serodom-
inant surface antigen of C. trachomatis orga-
nisms. Furthermore, the ability of anti-MP39.5
to react with intact chlamydiae by immunoflu-
orescence shows that the immunogenicity of im-
portant antigenic determinants on this protein
had not been substantially altered or denatured
even though MP39.5 was isolated and purified
in the presence of SDS.

DISCUSSION
The matrix proteins of the outer membrane of

gram-negative bacteria have several common
characteristics as described by Lugtenberg et al.
(22): their apparent subunit molecular weight by
SDS-PAGE ranges from 33,000 to 44,000; they
are quantitatively among the most abundant
proteins found in the outer membrane; they exist
in a transmembrane position, where they are
tightly bound to the peptidoglycan by noncova-
lent bonding as demonstrated by their disasso-
ciation in the presence of SDS; and their elec-
trophoretic mobility by SDS-PAGE is not af-
fected by heating. The C. trachomatis protein
we have designated MP39.5 closely resembles
these matrix proteins.
One of the functions attributed to matrix pro-
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TABLE 1. Serological cross-reactivity ofmouse antisera to L2 MP39.5 and L2 EB with other C. trachomatis
serotypes or C. psittaci strains as determined by micro-IF

Antiserum against:

L2 MP39.5a
Orgaiism Serotype or strain

Titer after 2nd Titer after 3rd L2 EBb
booster immuni- booster immuni-
zation (day 21) zation (day 32)

C. trachomatis A -c
B _ _
Ba 8 (13)d 128 (25) 13
C _ -

D 8 (13) 128 (25) 6-13
E 8(13) 64 (13) 613
F _ _
G - NDe
H - - ND
I - - ND
J - - ND
K 8 (13) 128 (25) ND
Li 8 (13) 128 (25) 13
L2 64 (100) 512 (100) 100
L3 8 (13) 128 (25) 13-25

Mouse pneumonitis - - ND
C. psittaci 6B - - ND

Feline pneumonitis - - ND
Guinea pig inclusion - - ND

conjunctivitis
a Reciprocal of the highest dilution of antiserum (starting at 1:8) showing fluorescence. Antibody titers are

IgG only; no fluorescence was observed with anti-IgM-specific conjugate.
b From published data of Wang and Grayston (38). Cross-reactions are expressed as percentages in relation-

ship to the homologous titer.
e, No fluorescence detected at a 1:8 dilution.

d Percentage of the homologous titer is expressed in parentheses. Titers were converted to a percentage so
that comparisons could be made with the serological cross-reactivity of mouse antiserum raised against intact
L2 EB in reference 38.

'ND, Not done; serotypes G, H, I, J, and K had not yet been identified.

teins is that they are transmembrane diffusion
pores or "porins" (31, 32). They also may con-
tribute to the structural integrity of the gram-
negative bacterial cell because of their strong
interaction with the peptidoglycan (4). For ex-
ample, the matrix protein la of Escherichia coli
B remains associated with its peptidoglycan in
the presence of 2% SDS at 600C (35). Similar
proteins of Pseudomonas aeruginosa are com-
pletely extracted at 550C but remain associated
with the peptidoglycan at <500C (27). MP39.5
is disassociated from COMC in 2% SDS at 370C
(80% complete extraction), and thus this protein
interacts with the COMC with a much lower
affinity than the matrix proteins do with their
peptidoglycan. When the matrix proteins are
extracted from gram-negative bacteria, the mu-
rein sacculus maintains the organism's basic
morphology. In contrast, the extraction of
MP39.5 from COMC results in a complete loss
of structural integrity.
This difference most likely reflects the lack of

a peptidoglycan in chlamydiae as demonstrated

by their insensitivity to lysozyme (36) and the
failure to detect N-acetylmuramic acid or quan-
tities of other amino sugars in purified EB that
would reflect structural significance (8, 23).
However, the rigid morphology that is charac-
teristic of the chlamydial EB and the sensitivity
of chlamydiae to penicillin (18, 25, 39) and D-
cycloserine (30) implies that a tetrapeptide
structure similar to that of the bacterial cell wall
is present. It has been suggested by Garrett et
al. (8) that the chlamydiae have a unique skele-
tal structure and that the chlamydial tetrapep-
tide may be covalently bound to some other
macromolecule other than polysaccharide. It is
possible that the amphorous material we ob-
served after disassociation of MP39.5 from
COMC may be this structure that has collapsed
upon itself after removal of MP39.5. The bio-
chemical nature of this material is unclear. It is
interesting to speculate, however, that it may be
a covalently bound protein and that the associ-
ation of MP39.5 with this protein skeleton
through strong hydrophobic and ionic interac-
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tions provides the rigidity and structural integ-
rity of the chlamydial cell. Such a unique pro-
tein-protein (rather than protein-polysaccha-
ride) association may ultimately serve to differ-
entiate chlamydiae from other bacteria just as
their growth cycle places them apart from all
other microorganisms. The uniqueness of such
a structure may be functionally related to the
uniqueness of the chlamydial growth cycle.
Early in the cycle the chlamydial EB reorganizes
into a metabolically active reticulate particle.
During this reorganizational period the reticu-
late particle increases in size, to approximately
five times that of the EB. The outer membrane
not only enlarges during this process, but it also
must change its permeability properties to allow
for the uptake of large exogenous metabolites
such as nucleoside triphosphates (10, 40) that
the intracellular reticulate particle is unable to
synthesize (29). This demonstrates that the chla-
mydial outer membrane and its associated skel-
etal structure have unusual physiological and
structural properties. The type of outer mem-
brane skeletal structure which we hypothesize
may provide for greater functional flexibility
than would be expected if the chlamydiae pos-
sessed a rigid peptidoglycan. Conservation of
such a simple and easily modified structure
would be consistent with the genetic composi-
tion of Chlamydia since their genome is only
half that of rickettsia and one-eighth that of E.
coli (17).

It is likely that previous publications referring
to the isolation of chlamydial cell walls by using
anionic detergents (12, 23) may have been based
upon incomplete extraction of outer membrane
proteins. Thus the "cell walls" described by
these investigators may have been analogous to
the COMC that we identified in this study.
The isolated MP39.5 appears to maintain at

least some of its native antigenic properties even
though the protein was purified in the presence
of SDS. When antiserum against MP39.5 was
assayed by the micro-IF test (the standard pro-
cedure for serological classification of C. tracho-
matis), we found that the serological cross-reac-
tivity was typical of the micro-IF response de-
scribed by Wang and Grayston (38), who used
antiserum prepared against intact L2 organisms.
They too found cross-reactions with Ba, E, D,
Li, L2, and L3 serotypes. Failure of this antise-
rum to react with the strains that are present
within the C complex suggests that MP39.5 has
an antigen common to all members of the B
complex and is one of the primary antigens
recognized after immunization with viable or
whole chlamydial EB. Since SDS did not signif-
icantly alter the immunogenic properties of this
protein, it seems likely that the antigen(s) being
detected is most likely a surface-located sequen-

tial determinant of the polypeptide. There is an
obvious caveat to the interpretation of the se-
rological results because there were small
amounts of contaminating protein present in the
concentrated MP39.5 preparation used for im-
munization (Fig. 9). We think it unlikely that
the contaminants could have been responsible
for the serological results since the major con-
taminant, a 36,000-dalton protein, represented
less than 3% of the total preparation and the
entire immunization course would have intro-
duced less than 3 ,ug ofthe contaminating protein
into the immunized animals. However, although
we think it unlikely that any contaminants were
responsible for the observed antibody reactions,
we cannot completely eliminate the possibility
that this may have contributed to the micro-IF
results.
Although it is clear from the above discussion

that MP39.5 is a surface-exposed antigen, its
role in maintaining the structural integrity of
the COMC suggests that it may be an intrinsic
protein that spans the chlamydial outer mem-
brane. It is likely that this protein would have
other antigenic sites that would not be detected
in our assay system, which used intact EB and
thus would only measure responses to surface-
exposed antigens. It is conceivable that MP39.5
is composed of both hydrophobic and hydro-
philic polypeptides. The hydrophilic segment of
the protein would be exposed to the aqueous
environment, whereas the hydrophobic segment
would be embedded in the membrane bilayer. In
theory, it does not seem unreasonable to postu-
late that these two portions of the protein may
differ antigenically since their different amphi-
pathic properties could reflect differences in
their composition. It would not be surprising to
find more common or extensive cross-reaction of
the hydrophobic segment among different sero-
types or even different chlamydial species, since
this portion of the protein would not be exposed
to selective environmental pressures such as an-
tibody. In contrast, the exposed hydrophilic seg-
ment may modulate its compositon and hence
its antigenic character because of selective en-
vironmental conditions. This point can only be
investigated by a more thorough immunological
and biochemical comparison of isolated major
outer membrane proteins from different chla-
mydial serotypes or species.
The C. trachomatis L2 strain major outer

membrane protein can be easily isolated and
purified by a simple sequential procedure involv-
ing anionic detergent treatment of purified intact
organisms followed by hydroxylapatite chroma-
tography. It is present in relatively large quan-
tities representing approximately 60% of the
COMC and permitting yields of 1 to 2 mg of
almost homogeneous material from purified
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whole organisms containing 25 to 30 mg of pro-

tein. Because it appears to be a shared antigen
common to a major serotype complex of C.
trachomatis organisms, it seems to be a reason-

able candidate for an antigen to be detected in
clinical specimens. Thus, we think MP39.5 and
likely its related proteins in other chlamydial
strains may be of considerable practical impor-
tance if they lend themselves to detection in
immunodiagnostic tests and are of considerable
basic interest because of their importance in
maintaining the structural integrity of the
chlamydial EB.
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